As shown previously, after inoculation into the footpad of a mouse the lymphocytic choriomeningitis (LMC) virus multiplies locally. Beginning on day 6 or 7 after infection, the foot undergoes a delayed-type hypersensitivity (DTH) reaction which consists of two distinct phases that are mediated by CD8 + cells and CD4 + cells, respectively, and at about the same time the virus is eliminated. In general, for terminating infection of the mouse with LCM virus the CD8 + cytotoxic/suppressive T lymphocyte (CTL) is essential; we have now determined the cells that mediate control of the virus in a tissue undergoing a specific DTH reaction. Depletion, in infected mice, of all T lymphocytes by treatment with anti-Thy-1 monoclonal antibody prevented virus elimination from the foot, and the same was true when the CD8 + CTLs were removed. Depletion of the CD4 + helper/suppressor subset only marginally impaired the ability of the mice to rid themselves of the virus. The conclusion that here too the principal antiviral element is the CD8 ÷ CTL was confirmed by experiments in which footpad-infected mice were adoptively immunized with virus-immune splenocytes from syngeneic mice selected for subclasses of T lymphocytes, or from mice differing in defined regions of the major histocompatibility complex (MHC), and also by experiments in which monocytes were virtually absent. However, CD8 + CTL alone or cells from MHC recombinant mice with identity in class I loci were never as antivirally active as unseparated splenocytes from syngeneic donor mice. Since the CD8 + cells' performance could be optimized by interleukin-2, we assume that the CD4 + T lymphocytes function as accessory cells; the same probably applies to monocytes.
INTRODUCTION
Delayed-type hypersensitivity (DTH) may be defined as cell-associated, antigen-specific alteration of an organism that is usually revealed as inflammation developing 24 to 48 h after local, sometimes systemic, deposition of the inducing antigen. The local DTH reaction was described by E. Jenner as far back as 1798 and has been extensively studied since, yet its biological relevance is not at all certain. Two opinions, which are not mutually exclusive, prevail. According to one, DTH plays a role in the mechanism with which animals and man protect themselves against pathogenic micro-organisms. Alternatively, it is assumed that DTH constitutes part or all of the immunopathological phenomena that often contribute to the symptomatology of infectious diseases.
The inflammatory reaction accompanied by swelling of the foot of the mouse following the intraplantar infection with lymphocytic choriomeningitis (LCM) virus is currently probably the best analysed example of virus-induced DTH (Hotchin, 1962; Tosolini & Mims, 1971 ; Marker & Thomsen, 1987; Lehmann-Grube, 1988 the swelling consists of two sequentially mediated phases, of which the first is mediated by T lymphocytes expressing CD8 (Lyt-2) whose interaction with antigen-presenting cells (APC) is restricted by class I surface molecules that are encoded by the K or D(L) regions of the major histocompatibility complex (MHC); the second is mediated by T lymphocytes that are marked by CD4 (L3T4) and interact with antigen in association with I region-encoded class II molecules. Only the latter portion of the response requires participation of monocytes, whereas the former, CD8 ÷ cell-mediated part, develops without these cells (Moskophidis & LehmannGrube, 1989; unpublished results) . Here, we report that elimination of LCM virus from the feet of mice is principally dependent on CD8 ÷ cytotoxic/suppressive T lymphocytes (CTLs); neither monocytes nor CD4 + T lymphocytes are needed, although both improve the antiviral performance of the CTL. Thus, even at the site of an LCM virus-specific DTH reaction it is the CD8 + T lymphocyte that is causally connected with elimination of the virus.
METHODS

Mice.
Female mice were reared and maintained specific-pathogen free. Before use at the age of 8 to 12 weeks they were acclimatized for 14 days to the conditions prevailing during the experiments. Their designations, abbreviations, haplotypes, MHC regions and commercial sources are listed in Table 1 .
Virus. The three times plaque-purified WE strain LCM virus (Rivers & Scott, 1935) was propagated and titrated in L cells, and quantities of infectious virus are expressed as numbers of mouse infectious units (IU) as described by Lehmann-Grube et al. (1985) .
Determination of virus concentration in foot tissue. Virus was introduced by subcutaneous (s.c.) inoculation into one hind foot of each mouse. After time intervals in accordance with the experimental protocol, the foot was weighed and homogenized using a mortar, pestle and sand with a known volume of balanced salt solution. The homogenate was cleared by centrifugation and samples of the supernatant were snap-frozen in ampoules. Subsequently, the virus concentration was determined by use of L cell cultures, but when infectivity was low the titration was sometimes repeated in mice. All titres are expressed as IU/g (Lehmann-Grube et al., 1985) .
Monoclonal antibodies (MAbs). For depleting (or functionally blocking) in vivo Thy-1.2 +, CD4 ÷, CD8 ÷ or I-A k+ cells, MAbs Thy 1.2C (Opitz et al., 1982) , YTS 191.1 (Cobbold et al., 1984) , YTS 169.4 (Cobbold et al., 1984) , and 10-2.16 (Oi et al., 1978) were used. Elimination in vitro of Thy-1.2 + cells was accomplished with 1_6-2.2 (C. L61iger, personal communication) and of CD4 ÷ and CD8 ÷ cells with LICR. LAU. RL172.4 (Ceredig et al., 1985) and HO. 2.2 (Raulet et al., 1980) . For control purposes, HO-22-1 (Marshak-Rothstein et al., 1979) , TP30 (M. Moskophidis, personal communication) and YTH 89.1 (Cobbold et al., 1984) , which are directed against Thy-1.1, Treponema pallidum, and human glycophorin A, were used. Mouse and rat antibodies were prepared as ascitic fluids in BALB/c mice and (LOU x DA)F1 rats, respectively.
Adoptive immunization. Eight days after intravenous (i.v.) infection of donor mice with 103 ][U of virus, their spleen cells were counted as 'living' on the basis of trypan blue exclusion. Each recipient mouse received 105 or 107 IU s.c. into the pad of one hind foot and was transfused i.v. 24 h later with defined numbers of day-8-immune spleen cells. At specified intervals virus concentrations in foot tissues were determined (for details see LehmannGrube, 1988 (Opitz et al., 1982; Cobbold et al., 1984; Moskophidis et al., 1987) . For blocking Ia molecules, CBA mice were inoculated intraperitoneally at intervals of 48 h with 2 mg of MAb 10-2.16 with specificity for I-A k, which is known to interfere with I-A-dependent antigen presentation (Kruisbeek et al., 1985; Brochier et al., 1986) .
Depletion in vivo ofmonocytes. Monocytes were identified by morphology, content of non-specific esterase and acid phosphatase, and presence of the Mac-1 marker (Springer et al., 1978; van Furth, 1986) . The widely accepted procedure to deplete mice of these cells by treatment with cyclophosphamide turned out to be unsuitable because the effect did not last long enough for our purpose. A systematic study revealed that the numbers of circulating monocytes could be kept below detectability for the required time interval of 8 days by irradiation of the mice with 900 rad.
Depletion in vitro of defined cellpopulations. Day-8-immune splenocytes were counted and suspended for 30 min at 4 °C in suitably diluted MAb L6-2.2, LICR. LAU. RL172.4, or HO-2.2. They were washed with phosphatebuffered saline and incubated for 30 min with suitably diluted rabbit serum as a source of complement (C') which had been selected for high lytic and low toxic potential; the procedure was repeated once. The cells were then taken up in the initial volume, which means that numbers were not adjusted for losses resulting from treatment.
Measurement of LCM virus-specific DTH.
DTH was quantified as swelling of feet following local infection. At intervals after s.c. inoculation of 105 IU into one hind foot, both feet were measured with dial callipers, and swelling was expressed as the factor by which the thickness of the inoculated foot exceeded the thickness of the contralateral uninoculated foot (Lehmann-Grube, 1988) . of this substance was generously supplied by Sandoz Forschungsinstitut. According to the producer, it consisted of 99% IL-2 with a content of 4.1 ng of tipopolysaccharide per mg. The specific activity was determined in comparison with a reference standard (lot LSP-481) of the Biological Resources Branch at the National Cancer Institute (U.S.A.).
Recombinant interleukin-2 (IL-2).
Notes on the evaluation of the data. In work of this kind, infectious titres and in particular titre differences are often expressed on a logarithmic scale and assessed in terms of multiples. We fail to comprehend the rationale for this approach and therefore base our evaluation on absolute nurverical values. For us the decrease of virus concentration (for instance due to adoptive immunization) from 107 to 106 IU/g has an entirely different quantitative meaning than the decrease from 106 to 105 IU/g, although in both cases the factor of reduction is 10.
For statistical comparison of means, these and their standard errors were used to calculate t, from which P was derived by use of tables for the two-sided Student distribution (Fisher, 1950) . P < 0.05 and P < 0-01 were regarded as significant and highly significant, respectively.
RESULTS
Effect of removal of T lymphocytes from mice on D TH swelling of feet and ability to eliminate virus from the tissue
Inoculation of 105 IU of LCM virus s.c. into the footpad of mice results in a local swelling reaction that commences on day 6 or 6-5, attains a maximum on days 7 to 8 and slowly declines thereafter (Lehmann-Grube, 1988; see Fig. 1 ). One injection of a MAb that is known to deplete mice of essentially all peripheral T lymphocytes (Opitz et al., 1982) , completely blocked or quickly reversed the swelling (Fig. 1 ). This treatment also prevented mice from eliminating the virus (Table 2) , and we conclude that both the local DTH reaction and control of the infection are dependent on T lymphocytes.
Effect of depletion of subclasses of T lymphoeytes on ability of mice to eliminate virus from foot tissue
Previous use of serological surgery in LCM virus-infected B6 mice had shown that for eliminating the virus from tissue undergoing a virus-specific DTH reaction CD8 + T lymphocytes were essential (Moskophidis & Lehmann-Grube, 1989) . These experiments were repeated with mice of a different strain. The results (Fig. 2) revealed that CD8 ÷ cell-depleted CBA mice were incapable of controlling the infection, whereas removal of CD4 + cells allowed virus elimination to proceed, although at somewhat reduced rates. Injection of either mouse or rat antibody directed against T. pallidum and human glycophorin A, respectively, did not measurably influence the speed with which the infection was terminated (results not shown). (Opitz et al., 1982) . Beginning 5.5 days after infection and at 12 h intervals thereafter, dorso-ventral thicknesses of both feet were measured. Data points signify means of ratios (infected against uninfected) in five mice. 1"4+0-4×106 9"9+3.1×106 2-7_0-6×107 --9 8"2 + 2"3 x 105 4"6 + 1"5 x 107 6"5 + 0"9 x 107 4"9 + 1-1 x 106 --10 1.9 + 0-4 x l0 s 5"1 + 0'8 x 107 4"9 + 0'5 X 10 7 1.2 + 0.3 x 107 3"8 + 0-5 x l0 s -11 1"3+0.2x10 s --7-5+1-1x106 1.7+0.3x106 2.5__+0.4x105 12 1.4 ___ 0.5 x 105 .... 1'7 + 0"5 × 106
• Inoculation of 10 s IU s.c. into footpad. t Day after infection at which 0.3 ml of mouse ascitic fluid containing Thy-1 MAb was inoculated i.v. 2~ Mean + s.E. IU/g foot tissue in five mice.
Effect of adoptive immunization of mice with immune cells selected for CD4 ÷ or CD8 + cells on ability to eliminate virus from foot tissue
Immune splenocytes (negatively) selected for either CD4 + or CD8 + cells were injected i.v. into footpad-infected mice and the local virus titres determined (Table 3) . Transfusion of cells either untreated or treated with (irrelevant) Thy-I. 1 MAb plus complement, led to highly significant reductions of the local virus concentrations within 5 days, which was abolished by removal from the cell inoculum of Thy-1.2 T lymphocytes. Selection for CD4 + cells also prevented the accelerated virus elimination, whereas selection for CD8 + cells resulted in significant (P < 0.05) decreases of virus titres in the recipients' feet. In comparison with untreated splenocytes, CD8 + cells alone were less efficient, but their antiviral capacity was fully restored by addition of CD4 ÷ cells to the inoculum. We conclude again that virus clearance is mediated by CD8 + T lymphocytes but that their performance is improved when the CD4 + counterparts are present.
Restoration of the antiviral potential of CD8 + cells by IL-2
Since the main function of CD4 + T lymphocytes is believed to help other effector cells by supplying lymphokines, we asked whether the beneficial effect of CD4 + cells could be replaced Table 4 show that this is indeed the case. In comparison with mice that were treated with human recombinant IL-2 alone (no cells), inoculation of CD8 ÷ immune cells accelerated virus clearance, although less than inoculation of whole splenocytes. Treatment with IL-2 further decreased the virus concentration to the level obtained with unseparated immune cells; in comparison with the titres in the recipients of CD8 ÷ cells, this additional decrease was highly significant (P < 0-01) on day 4 after transfer.
Effect of blockage of I-A on ability of mice to eliminate virus from foot tissue
If CD4 ÷ T lymphocytes help CD8 ÷ cells by release of lymphokine(s), they would be expected to fulfil their function as long as they are in an active state following contact with APC. As the 11.1 ± 1.5 x 10 6 10.0±6"2 X 10 6 8 1"8 ± 0'4 x 106 2-9 + 0"4 x 106 9 5-1 ± 1"6 x 105 6"6± 1'5 x 105 11 9-8 ± 1'2 x 104 10"5 ±4'5 x 104 * Infection by intraplantar inoculation of l0 s IU. 1" On days 6, 8 and 10 after infection mice were injected i.v. with 2 mg of I-A k MAb or (for control purposes) data in Table 5 show, injection late in infection of MAb directed against I-A and known to block antigen presentation in vivo (Kruisbeek et al., 1985; Brochier et al., 1986) did not measurably affect the rate at which virus was eliminated. The LCM virus-induced foot swelling was decreased in similarly treated mice (unpublished results) and injection of MAb early in infection (during the induction phase) suppressed the development of virus-specific CTL and completely eliminated the production of antiviral antibodies (data not shown). Presumably, administration of the antibody blocked I-A and impeded the interaction between CD4 + T lymphocytes and APC, resulting in the former cells' diminished functioning, probably by reducing production or release of lymphokines; however, this effect was not so pronounced as to impair the ability of the mice to clear the virus.
Regions of the MHC that have to be shared between effector and target cells for elim&ation of virus from foot tissue
For LCM virus (Zinkernagel & Welsh, 1976) , as for ectromelia virus (Kees & Blanden, 1976) and influenza virus (Yap et al., 1978) , it has been shown that virus clearance from murine tissues requires identity in K or D(L) between effector and infected target cells, identity in the I region being irrelevant in this regard. In contrast, DTH reactions in LCM virus-infected mice (Moskophidis & Lehmann-Grube, 1989) and in mice infected with certain other viruses (Leung of effector and target cells is restricted by class I or class II molecules. The predominant aim of this study being determination of the role DTH plays in controlling the infection, we ascertained the effect on virus titre in the feet of mice that had received splenocytes from immune donors sharing selected parts of the MHC (Table 6 ). Since it has previously been shown that in experiments of this kind the degree of the DTH reaction may be influenced by the non-H-2 background (Marker & Thomsen, 1987) , only B10 recombinant mice were employed. For facilitating reference to particular mouse strain combinations, these have been designated, for each of the four experiments (I to IV), with letters a to k, and the following description will be confined to titration data for day 4 after cell transfer, Transfer of syngeneic immune cells resulted in marked enhancement of virus elimination from the feet of recipient mice, the differences to the controls (Iav. Ib, IIa v. lib, IVa v. IVb, IVd v. IVe and IVh v. IVj) being highly significant (P < 0-01) in each case. In contrast, identity of the I region alone had no measurable effect on virus titres in the recipients' feet (Ic v. Id, IIIb v. IIIc), which was also true when the K region alone was shared, as Ie or lid. With D region compatibility as in B10.D2 to B10.AQR and B10.D2(R107) to B10.AQR (IIIe and IIIg) reduction of virus was marked, although statistically significant (P < 0.05) only in the former combination (IIIc v. IIIe). Perhaps not surprisingly, the antiviral activity of transfused immune cells was high when both regions encoding class I molecules were alike, as in B10.T(6R) to § ~,-irradiation with 900 rad 24 h before infection and 48 h before inoculation of day-8-immune cells. II Donor mice were infected i.v. with 103 IU. Eight days later their spleen cells were freed of adhering elements by incubation for 60 min in plastic Petri dishes, followed by passage twice through nylon wool columns. They were counted on the basis of trypan blue exclusion and 2 x 10 s cells were injected i.v. 24 h after infection.
¶ Sixty h after cell transfer recipient mice were depleted of either CD4 + or CD8 ÷ cells by i.v. injection of MAb as specified under Methods.
B10. AQR (IVk), the difference to the controls (IVg) being highly significant (P < 0.01). Less expected was the finding that transfer of cells with identity in D plus I (IVf) was more antivirally effective (although not attaining statistical significance) than transfer of cells with identity in K plus D (IVk) and also more effective than transfer of cells with identity in D alone (IIIe and IIIg). However, since identity in K plus I (IVc) was also superior to identity in K alone (Ie and IId), it appears that the performance of class I molecule-restricted cells was improved by the presence of class II molecule-restricted cells, although the latter alone were not at all antivirally active.
Elimination of virus from foot tissue of adoptively immunized mice does not require participation of monocytes
It is widely accepted that monocytes are essential elements in local DTH reactions, which, however, does not hold for the early CD8 + cell-mediated phase of the LCM virus-induced foot swelling (unpublished results). This led to the question of whether CD8 + T lymphocytes would exert their antiviral capacity in the absence of monocytes. To obtain an answer by adoptive immunization experiments, recipient mice as well as the transferred splenocytes had to be rendered entirely free of monocytes, which was achieved by 7 irradiation with 900 rad and rigorous removal of adherent elements, respectively. Also important in these experiments was the timing, because in monocyte-free mice the CD8 + T lymphocyte-mediated swelling is delayed and overlaps with the beginning of the swelling in virus-infected control mice (unpublished results). The experimental results (Table 7) show that the antiviral effect of the transferred immune cells was more marked in unirradiated than in irradiated recipients but that in the latter the virus concentration was nonetheless reduced, the difference to the irradiated control mice on days 5 and 6 after cell transfer being, at P < 0.01, highly significant. This antiviral effect of immune cells in irradiated recipients was not affected by subsequent depletion in vivo of CD4 + cells but was abolished by removal of the CD8 + cells, indicating that control of the infection in the absence of monocytes is, again, mediated by CD8 + T lymphocytes.
DISCUSSION
Besides LCM virus, numerous viruses have been shown to induce DTH, as revealed by inflammatory skin reactions following the epidermal, intradermal or subcutaneous deposition of antigen, but whether this occurs with beneficial or deleterious consequences for the infected organism is not known.
DTH is often assumed to be associated with a particular subtype of CD4 ÷ T lymphocytes, called TD~H cells which differ from helper cells, and recently, CD4 ÷ cell clones have been established that deviate in lymphokine production, ability to induce a DTH reaction, and provision of help for antibody production; also markers have been defined that are assumed to allow differentiation between these cells in vivo (Hayakawa & Hardy, 1988; Bottomly et al., 1989) . The evidence is impressive, but for the present purpose we consider these cells as belonging to one group, the helper/inducer T lymphocytes. These become activated by antigen expressed on APCs together with class II molecules (Ia) encoded by the I region of the MHC, and the local DTH reaction is assumed to be initiated by interaction of the activated T lymphocytes' receptor with the same antigen-Ia complex. This then leads to release of lymphokines which attract circulating cells, especially monocytes, thereby causing inflammation (Liew, 1982) .
Although this is the description found in most textbooks, there are well analysed examples of DTH reactions that are mediated by T lymphocytes restricted by class II molecules as well as by T lymphocytes restricted by class I molecules (Vadas et al., 1977; Sunday et al., 1980) , and the same pattern has been observed in mice infected with influenza virus (Leung & Ada, 1980) , reovirus (Weiner et al., 1980) , Sendai virus , dengue virus (Pang et al., 1984) and LCM virus (Moskophidis & Lehmann-Grube, 1989) . Interestingly, infectious influenza, Sendai and LCM viruses induce either type of response, but the local DTH reaction that is elicited by inactivated virus or virus not capable of replicating is restricted only by cells recognizing antigen in conjunction with class II MHC molecules (Leung & Ada, 1980; our unpublished results) . Obviously, the antigen and the manner in which it is presented determine which subtype of T lymphocytes is involved (Ertl, 1981 b; Morrison et al., 1986; Long & Jacobson, 1989) , and for infectious viruses it appears to be the rule that, in addition to CD4 ÷ helper/inducer T lymphocytes, CD8 ÷ CTLs partake, although there are exceptions. For instance, herpes simplex virus-specific DTH responses in mice are mediated solely by cells that are I region-restricted (Nash et al., 1981) and positive for CD4 ÷ (Nash & Gell, 1983; Martin & Rouse, 1987) .
Biologically, this makes sense. The mechanism by which a virus infection is terminated is not known with certainty, but it appears that the first step is interaction between the T cell receptor and its ligand on virus-infected cells, which then directly (Zinkernagel & Doherty, 1979) or indirectly (Lehmann-Grube et al., 1988) leads to clearance of the agent. In any organism the distribution of MHC-encoded cell surface molecules is not known for all tissues and cell types (Klein, 1986 ), but it is generally assumed that essentially all cells express class I MHC molecules whereas a minority express, in addition, class II molecules. Intracellular parasites do not spare cells expressing only class I antigens, and in the LCM virus-infected mouse probably every kind of cell (though not every cell) participates in the infectious process (Lehmann-Grube, 1971) . It follows that only the CD8 + T lymphocyte is capable of interacting with every virus-infected cell, and for the termination of several infections it has been shown that CTL fulfil key functions. Thus, influenza virus (Yap et al., 1978; Lukacher et al., 1984) , murine cytomegalovirus (Ho, 1980; Reddehase et al., 1987) , and ectromelia virus (Kees & Blanden, 1976) are controlled in the mouse predominantly by specifically activated CTLs, and the same is true with regard to LCM virus (Zinkernagel & Welsh, 1976; Byrne & Oldstone, 1984; Moskophidis et al., 1987) . Therefore, it was not surprising to find that these cells mediate control of the LCM virus in the foot just as they do in other organs of the mouse, and for us it was not unexpected that they do this without monocytes, because we had observed previously that for elimination of the LCM virus from the mouse's spleen mononuclear phagocytes are not required . Indeed, the murine LCM virus infection seems to be terminated predominantly or exclusively by CTLs, because antiviral antibodies (Lehmann-Grube, 1971 ; Ahmed et al., 1984 Moskophidis et al., 1987) and natural killer cells (Welsh et al., 1988) have been shown to be irrelevant in this regard; interferon-~, is only indirectly involved by co-inducing the differentiation of CTL precursors (Wille et al., 1989) . Of course, this conclusion cannot be generalized, and for the control of other virus infections immunologically specific and unspecific events other than the interaction between CTLs and their target cells may be important.
The way CD8 ÷ cells even in the absence of monocytes cause inflammation is not yet known, but probably this results from the activity of lymphokines which we are currently trying to identify; one candidate is IL-2 (Mizuochi et al., 1989) . We are also uncertain as to the function of the local reaction; attempts at suppressing it without compromising immune responsiveness in general with the aim to assess its effect on virus replication have so far failed. However, since under similar conditions there are inflammatory foci in other tissues, we believe that the antiviral mechanism in the foot is not different from the one controlling the infection elsewhere. As to the swelling, it is probably just an expression of anatomical or physiological peculiarities of the skin of the foot and other parts of the mouse's body (Traub & Kesting, 1963) .
There remains the question as to the relevance of the second phase, in which CD4 ÷ T lymphocytes and monocytes take part. That interaction of these cell types leads to inflammation agrees with the general belief about the emergence of a local DTH reaction. But, as our results show, neither is directly antivirally active, although both may help the CD8 ÷ cells to function. For the CD4 ÷ cells this is apparent when mice are depleted of them, and it is marked under the more drastic conditions of adoptive immunization. Since IL-2 has a similar effect, we assume that although the CD4 + cells' activation may be immunologically specific, they operate nonspecifically by releasing IL-2 or related lymphokines, which then improve the CD8 ÷ cells' performance. Whatever their actual mode of action, we ascribe the CD4 ÷ cells accessory roles in the mechanism by which the infection is controlled, and probably the same holds for monocytes.
